(19) 




Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



(12) 



(11) EP 1 555 337 A2 

EUROPEAN PATENT APPLICATION 





Plate* nf m fhl iparinrv 


irji ,_ )f> i7, Aona ponn oo/o/i 
(51) IntCI/: L-JUH Jo/UU, L/dUt> ^y/(J4, 




20.07.2005 Bulletin 2005/29 


C30B 25/20 


(21) 


Application number: 05250164.0 




(22) 


Date of filing: 14.01.2005 




(84) 


Designated Contracting States: 


(72) Inventors: 




AT BE BG CH CY CZ DE DK EE ES Fl FR GB GR 


* Meguro, Kiichi, c/o Itami Works 




HU IE IS IT LI LT LU MC NL PL PTROSESISK TR 


Itami-shi, Hyogo (JP) 




Designated Extension States: 


• Yamamoto.Yoshiyuki, c/o Itami Works 




AL BA HR LV MK YU 


Itami-shi, Hyogo (JP) 
* Imai, Takahiro. c/o Itami Works 


(30) 


Priority: 16.01.2004 JP 2004009047 
22.03.2004 JP 2004081815 


Itami-shi, Hyogo (JP) 




05.11.2004 JP 2004322048 


(74) Representative: 

Cross, Rupert Edward Blount et al 


(71) 


Applicant: SUMITOMO ELECTRIC INDUSTRIES, 


BOULT WADE TEN N ANT, 




LTD. 


Verulam Gardens 




Osaka-shi, Osaka (JP) 


70 Gray's Inn Road 
London WC1X 8BT (GB) 



(54) Diamond single crystal substrate manufacturing method and diamond single crystal 
substrate 



(57) A diamond single crystal substrate manufactur- 
ing method for growing by vapor-phase synthesis a sin- 
gle crystal from a diamond single crystal seed substrate, 
comprising etching away by reactive ion etching, prior 
to single crystal growth, at least 0.5 urn and less than 
400 urn, in etching thickness off the surface of the seed 
substrate which has been mechanically polished, there- 



by removing from the surface of the seed substrate the 
work-affected layers caused by mechanical polishing; 
and growing then a single crystal thereon. The manu- 
facturing method provides a diamond single crystal sub- 
strate having a high quality, large size, and no uninten- 
tional impurity inclusions, and suitable for use as semi- 
conductor materials, electronic components, optical 
components or the like. 
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Description 

BACKGROUND OF THE INVENTION 

s 1 . Field of the Invention 

[0001] The present invention relates to a diamond single crystal substrate manufacturing method and a diamond 
single crystal substrate, especially a diamond single crystal substrate manufacturing method and a diamond single 
crystal substrate, having a high quality, large size and no unintentional impurity inclusions, and suitable for use as 
10 semiconductor materials, electronic components, optical components, or the like. 

2. Description of the Prior Art 

[0002] The many outstanding properties of diamond, such as high thermal conductivity, high electron/hole mobility, 
15 high dielectric breakdown field, low dielectric loss and wide bandgap, make it an unparalleled semiconductor material. 
In recent years, in particular, ultraviolet light emitting devices that take advantage of diamond's wide bandgap, and 
field effect transistors having excellent high frequency characteristics, etc. have been developed. Thanks to its trans- 
parency extending from the ultraviolet to the infrared region, diamond shows promise as well as a material for optical 
components. 

20 [0003] In order to use diamond as a semiconductor, it is necessary to make it into high-quality, large-size single 
crystal substrates, as with other semiconductor materials. Diamond single crystals are obtained at present chiefly by 
high -temperature high-pressure synthesis methods, which result in superior crystallinity compared with natural single 
crystals, but that suffer from the inclusion of nitrogen impurities in the crystals unless special growth conditions are 
used. A substrate containing nitrogen is difficult to use on its own as a semiconductor single crystal, for which reason 

25 seed substrates are often used for growing diamond single crystals using a vapor-phase synthesis method that reduces 
impurity inclusions (see for instance, Japanese Patent Publication No. 2003-2771 83A). 

[0004] Also, the size of the diamond single crystals obtained by the high-temperature high-pressure synthesis meth- 
ods is limited to a grade of 1cm, and it Is difficult to achieve large-size single crystals with diameters of not smaller than 
10 mm. Research is being conducted therefore in order to manufacture a larger surface area single crystals by vapor- 

30 phase synthesis, wherein the single crystals above are used as seed substrates, For instance, Japanese Patent Pub- 
lication No. 03-75298A discloses a method for manufacturing diamond single crystals by arranging the orientations of 
a plurality of single crystal diamonds in approximately the same direction and then growing a diamond thereon by 
vapor-phase synthesis thereon. For obtaining large-size diamond single crystals using such a method, Japanese Patent 
Publication No. 07-17794A discloses that, by controlling the crystal orientation, spacing and height of a plurality of 

35 single crystal diamonds and restricting the growth temperature to an adequate range in orderfor homoepitaxial growth 
to be maintained up to a predetermined thickness, a high-purity vapor phase synthesis is achieved that allows providing 
large-size diamond single crystals for optical or semiconductor use, with 1 5 mm or larger diameters and having a good 
crystallinity, supported by ultraviolet transparency near the 250 nm wavelength region, X-ray rocking curves with a 
half-width value of 100 seconds or less, Raman scattering spectra with a half width of 2 crrr 1 , etc. 

40 [0005] As described in Japanese Patent Publication No. 2003-2771 83A, when diamond single crystals are grown 
by vapor-phase synthesis on a diamond single crystal substrate obtained by a high-pressure synthesis process, re- 
sidual stresses accumulate in the vapor-phase growth layer. Residual stresses remaining in the vapor-phase growth 
layer are problematic in that the associated crystal strain may alter semiconductor properties such as bandgap, mobility, 
etc. These phenomena are not solved by the vapor-phase growth of diamond single crystals from seed substrates 1 00 

45 p.m or less thick, as disclosed in Japanese Patent Publication No. 2003-2771 83A. Also, diamond single crystal sub- 
strates obtained by formation of thick films having a thickness of 100 urn or more by vapor-phase synthesis may 
threaten with substrate cracking due to accumulated stresses. Owing to the increased probability of substrate cracking 
entailed by substrates having a larger size (larger surface area, thicker film), the above problems in obtaining large- 
size diamond single crystal substrates, as described in particular in Japanese Patent Publication Nos. 03-75298A and 

so 7-17794A, are not essentially solved using a method as described in Japanese Patent Publication No. 03-75298A, 
wherein large-size single crystal substrates are obtained by integrating in a single unit substrates consisting of an 
arrangement of a plurality of high-pressure phase substances having essentially mutually identical crystal orientations 
and acting as vapor-phase growth nuclei upon which is then grown a single crystal by vapor phase synthesis, or using 
a method as described in Japanese Patent Publication No. 7-17794A, wherein large-size single crystal substrates are 

55 obtained by controlling the single crystal growth conditions. 

[0006] Also, the practical implementation of large-size diamond homoepitaxial growth by conventional techniques 
such as those described in Japanese Patent Publication Nos. 03-75298A and 7-17794A is plagued by problems of 
unintentional impurities becoming enclosed in the crystal. When unintentional impurities become trapped in the crystal, 
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an impurity level is reached which is incompatible with the targeted use as semiconductor, etc. and that impairs not 
only its use as a semiconductor substrate, but restricts as well, due to changes elicited in the optical properties of the 
crystal, its use as an optical substrate. Elements enclosed as impurities in diamond single crystals grown homoepitax- 
ially by chemical vapor-phase synthesis include mainly hydrogen, silicon, nitrogen, boron, etc.; among these, nitrogen 

s impurities introduced unintentionally in the crystal are the most influential as regards semiconductor and optical prop- 
erties. Nitrogen is the element most difficult to control as an impurity, since it is an essential component of the atmos- 
phere and is therefore present in non-negligibleamounts inside vacuum vessels. Thus in orderto manufacture diamond 
single crystal substrates for semiconductor or optical use by vapor-phase synthesis it is vital to assess and control 
nitrogen impurities; however, at present it is extremely difficult to predict semiconductor and optical properties by reg- 

n ulating the amount of impurity inclusions through a strict control of the factors that affecttheir uptake. Thus far, methods 
for obtaining diamond single crystals by heteroepitaxial methods result in large numbers of crystal defects andtherefore 
in an insufficient quality for warranting use as optical or semiconductor substrates. 

SUMMARY OF THE INVENTION 

15 

[0007] An object of the present invention is to overcome the above shortcomings and to provide a diamond single 
crystal substrate manufacturing method and a diamond single crystal substrate having a high quality, large size, and 
no unintentional impurity inclusions, and suitable for use as semiconductor materials, electronic components, optical 
components, or the like. 

20 [0008] In order to solve the above problems, the present invention is as follows: 

[0009] (1) A diamond single crystal substrate manufacturing method by growing a single crystal from a diamond 
single crystal seed substrate by vapor-phase synthesis, the method comprising etching away by reactive ion etching, 
prior to single crystal growth, at least 0.5 urn and less than 400 urn, in etching thickness, off a surface of the seed 
substrate which has been mechanically polished, and growing then a single crystal thereon. 

25 [0010] (2) The method according to the above (1), comprising etching away, prior to single crystal growth, at least 
50 nm, in etching thickness, off side faces of the seed substrate, and growing then a single crystal thereon. 
[001 1] (3) The method accordingto any one of the above (1 ) or (2), wherein the etching gas in the reactive ion etching 
is a mixture gas of oxygen and carbon fluoride. 

[0012] (4) The method according to any one of the above (1) to (3), wherein an etching pressure in the reactive ion 
so etching is at least 1 .33 Pa and no more than 13.3 Pa. 

[0013] (5) The method according to any one of the above (1 ) to (4), wherein the substrate temperature during etching 
in the reactive ion etching is 800K or less. 

[0014] (6) A diamond single crystal substrate grown from a diamond single crystal seed substrate by vapor-phase 
synthesis, wherein the diamond single crystal substrate is obtained by etching away by reactive ion etching, prior to 
35 single crystal growth, at least 0.5 um and less than 400 jim, in etching thickness, off a mechanically polished surface 
of the seed substrate, and by growing then a single crystal thereon. 

[001 5] (7) The diamond single crystal substrate according to the above (6), wherein the diamond single crystal sub- 
strate is obtained by etching away, priorto single crystal growth, at least 50 nm, in etching thickens, off side faces of 
the seed substrate, and growing then a single crystal thereon. 
40 [001 6] (8) The diamond single crystal substrate according to the above item (6) or (7), wherein the diamond intrinsic 
Raman shift by Raman spectroscopy of a substrate surface after single crystal growth falls within a deviation of 0.5 
cm" 1 from 1 332 cm -1 , which is the standard Raman shift of a strain-free diamond. 

[0017] (9) The diamond single crystal substrate according to any one of the above (6) to (8), wherein a hole mobility 
of a hydrogenated surface conductive layer of the diamond single crystal substrate at normal temperature as obtained 

45 by Hall measurement is 900 cm 2 /V-see or more. 

[001 8] (1 0) The diamond single crystal substrate according to any one of the above (6) to (9), wherein in a catodo- 
luminescence spectrum measured across all the faces of the diamond single crystal substrate at a measurement 
temperature of 40K or less, the emission peak intensity at 575 nm is at least 2 times and no more than 1 0 times as 
high as the highest peak intensity among peak intensities at any arbitrary wavelength within a range of from 200 nm 

so to 900 nm (excluding the emission peak intensity at 575 nm) and a background intensity, and the peak full-width at 
half-maximum at 575 nm is 2.5 nm or less. 

[001 9] (11) The diamond single crystal substrate according to any one of the above (6) to (9), wherein in a photolu- 
minescence spectrum measured across all the faces of the diamond single crystal substrate at a measurement tem- 
perature of 40K or less using an excitation light source having a wavelength of 514.5 nm, the emission peak intensity 
55 at 575 nm is at least 2 times and no more than 10 times as high as the highest peak intensity among peak intensities 
at any arbitrary wavelength within a range of from 500 nm to 900 nm (excluding the emission peak intensity at 575 nm 
and a peak intensity at the excitation wavelength and Raman peak intensities caused by diamond lattice vibration) and 
a background intensity, and the peak full-width at half-maximum at 575 nm is 2.5 nm or less. 
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[0020] (1 2) The diamond single crystal substrate according to any one of the above (6) to (1 1 ), wherein the nitrogen 
concentration in the single crystal is 10 ppm or less, 

[0021] (13) The diamond single crystal substrate according to any one of the above (6) to (12), wherein the diameter 
of the diamond single crystal substrate is 1 0 mm or more. 
s [0022] (14) A diamond single crystal seed substrate for growing thereon a diamond single crystal by vapor-phase 
synthesis, wherein at least 0.5 u,m and less than 400 urn, in etching thickness, are etched away by reactive ion etching 
off a mechanically polished surface of the seed substrate. 

[0023] (1 5) The diamond single crystal seed substrate according to the above (1 4), wherein at least 50 nm, in etching 
thickness, is etched away by reactive ion etching off side surfaces of the seed substrate. 
'0 [0024] The term "surface" of the substrate in the above is also mentioned as "main face". Throughout the present 
specification, the etching amount is indicated by etching thickness unless otherwise specified. 
[0025] The method for manufacturing a diamond single crystal substrate according to the present invention allows 
manufacturing high-quality and strain-free large-size diamond single crystal substrates for semiconductor materials, 
electronic components, optical components, etc. 

15 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] FIG.1 is a schematic diagram of a diamond single crystal seed substrate before etching used in the present 
invention. 

20 [0027] FIG, 2 is a side view of a seed substrate after etching used in the present invention. 

[0028] FIG. 3 is a side view of an obtained diamond single crystal substrate according to the present invention. 
[0029] FIG. 4 is a side view of the diamond single crystal substrate manufactured in Comparative Example 1 . 
[0030] FIG, 5 is an example of the cathodoluminescence (CL) spectrum measurement in an example of the present 
invention. 

25 [0031] FIG, 6 is the transmission spectrum of an example of the present invention. 
[0032] FIG, 7 is the transmission spectrum of Comparative Example 5. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

30 [0033] The invention is explained next, 

[0034] The present inventors analyzed in detail the phenomenon of stress accumulation, occurring during vapor- 
phase growth of diamond single crystals on diamond single crystals used as seed substrates, using a microscopic 
Raman spectrometer allowing the measurement of two-dimensional surface distributions. As a result, the inventors 
discovered that the portions of single crystal grown from areas of the seed substrate with originally numerous mechan- 

35 ical polishingflaws deviated from 1332 cm -1 , which is thestandard Raman shift of diamond, within several cm -1 . Raman 
shift is caused by the natural vibration frequency of thecrystal lattice; herein deviations from the intrinsic shift of diamond 
are used to identify strain in regions where crystal lattice distances are narrower or wider than normal. It was thus 
found that the portions of singlecrystal grown from areas of the seed substrate having originally numerous mechanical 
polishing flaws were areas with a higher than normal strain. 

40 [0035] Next, the aforementioned areas of the seed substrate surface having numerous mechanical polishing flaws 
were cut by a focused ion beam and were inspected under transmission electron microscopy. The results showed a 
disarray of the diamond's crystallinity in the vicinity of the polished surfaces of the areas with the larger number of 
mechanical polishingflaws, with partial non-crystalline layers. Furthermore, electron beam diffraction images obtained 
simultaneously showed, in the aforementioned areas, ringshaped spreading images in addition to the intrinsic point 

45 images of diamond single crystal lattice, indicating the presence of non-crystalline diamond and polycrystalline diamond 
which are different from single crystal diamond, as well as unevenly distributed dislocations/defects, etc. (hereinafter 
work-affected layers). The marked presence of work-affected layers in the areas with more mechan ical polishing flaws 
suggests that such work-affected layers are induced during mechanical polishing. 

[0036] The side faces of the seed substrate above were inspected in the same way and showed also identical work- 
so affected layers. These work-affected layers in the side faces of the seed substrate were observed not only in polished 
seed substrates but in seed substrates shaped by laser cutting as well, an indication that work-affected layers are also 
affected by laser processing. 

[0037] Methods for identifying the impurities/defect levels in crystals include cathodoluminescence (hereinafter CL) 
spectrometry and photoluminescence (hereinafterPL) spectrometry. As a result of a diligent research of the relationship 
55 between CL and PL distributions, composition of the infused gas, and crystallinity of vapor-phase synthesized single 
diamond crystals, the inventors found that the single crystal diamond preferably meets the following conditions. Spe- 
cifically, the measured CL spectrum of a diamond singlecrystal cooled to a low temperature of 40Kor less should have 
an emission peak intensity at 575 nm is at least 2 times and no more than 10 times as high as the highest peak intensity 
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among peak intensities at any arbitrary wavelength within a range of from 200 nm to 900 nm (excluding the above 
emission peak intensity at 575 nm) and the background intensity, and a peak full-width at half-maximum at 575 nm of 
2.5 nm or less. The emission peak at 575 nm of the PL spectrum measured with an excitation light source having a 
wavelength of 514.5 nm is constrained in the same way as for the CL spectrum. Peak intensities are defined herein 
s as the effective peak intensity resulting from subtracting the background value from the maximum value of the corre- 
sponding peak, and are usually obtained through a Gaussian-Lorentian fitting. 

[0038] Light emission at 575 nm in the PL and CL of diamond is called the N-V center, and is believed to be caused 
by links between nitrogen impurities and lattice vacancies (cf. Rep. Prog. Phys., Vol. 42, (1 979) P. 1 605). If during the 
growth of the single crystal the vapor-phase contains nitrogen, the latter will be mixed into the single crystal and will 

10 cause emission at 575 nm. Regarding specimens in which peak separation was difficult, since peaks widened in the 
measurements of CL/PL at normal temperatures, the present inventors carried out the measurements of those spec- 
imens at a low temperature of 30K and succeeded thereby in observing different peaks for different levels. This revealed 
that peak intensity at 575 nm is intimately related to the degree of crystal impurities/defects, which are in turn correlated 
with semiconducting and optical properties, and can be used therefore as a benchmark for regulating crystallinity. As 

15 a result, the unnecessarily strict nitrogen impurity controls of conventional technology can now give way to diamonds 
of adequate crystallinity being obtainable with such controls kept to a minimum. The nitrogen impurity concentration 
in diamond single crystals thus obtained is preferably 10 ppm or less relative to carbon atoms. The present inventors 
noticed that a number of nitrogen atoms below that value yielded semiconductor/ optical substrates with no problems 
in practice. Diamond single crystal having a diameter of 1 0 mm or more and satisfying the aforementioned CL and PL 

20 criteria hold much promise of becoming large-size single crystal substrates especially suitable for optical use. In the 
present invention, diameter refers to the length of the longest straight line that can be drawn in a single crystal of a 
given size and shape. 

[0039] The present invention, based on the above findings, comprises etching away by reactive ion etching (here- 
inafter RIE), prior to single crystal growth, at least 0.5 |xm and less than 400 nm off the surface of the seed substrate 

25 obtained by mechanical polishing, and then growing a single crystal thereon. Since the surface of the single crystal 
seed substrate used for vapor-phase growth is polished mechanically, the polished surface contains work-affected 
layers with metallic impurities and/or processing defects, etc., that are disadvantageous for single crystal vapor-phase 
growth. High quality diamond single crystals object of the present invention can be obtained by conducting reactive 
ion etching priorto the step of single crystal growth, because this pre-growth reactive ion etching removes these work- 

30 affected layers. Preparing seed crystals free of the aforementioned work-affected layers should suffice to curb the 
occurrence of strain in the diamond single crystals during vapor-phase growth; however, in view of their origin, removing 
such work-affected layers by mechanical polishing is fraught with difficulties, 

[0040] Non-mechanical diamond processing includes various conventional processes, for instance RIE etching, mi- 
crowave plasma etching, ECR plasma etching, ion beam etching, etc. Among these non-mechanical processes alter- 

35 natives, only RIE methods can tackle successfully all the aspects of processing speed, processing area, surface rough- 
ness after processing, formation of damaged layers upon etching, etc. RIE is a high-speed smooth method that allows 
removing only work-affected layers from the seed substrate without damaging the latter. Following RIE, vapor-phase 
growth of single crystals allows obtaining high-quality and strain-free large-size diamond single crystal substrates. 
[0041] The RIE according to the present invention may be earned out using known methods. In the present invention 

40 may be used for instance methods using capacitively coupled plasma (CCP) wherein a high-frequency power source 
is connected to electrodes arranged facing one another inside a vacuum vessel, or methods using inductively coupled 
plasma (ICP) wherein a high-frequency power source is connected to a coil wound around a vacuum vessel, or com- 
binations of these methods. 

[0042] Mixtures of oxygen and carbon fluoride are preferably used for the etching gas, with preferred etching pres- 
45 sures of 1.33 Pa or more and 13.3 Pa or less. The above gas types and pressures allow removing only the work- 
affected layers, smoothly and at high speeds. 

[0043] A suitable etching thickness of the seed substrate in the present invention is at least 0.5 nm and less than 
400 (im, preferably at least 5 u.m and no more than 50 u.m, and more preferably at least 10 nm and no more than 30 
urn The shorter processing time of a thinner etching thickness is advantageous for preserving surface smoothness. 

50 The thickness of the work-affected layer of the seed substrate depends on the type and strength of the polishing used. 
Most polishing is done with depths of less than 0.5 nm, but occasionally depths of about 1 0 nm can be reached locally, 
causing portions grown from such areas to exhibit inferior semiconductor properties. Conversely a thicker etching 
depth requires a longer etching time and may result in increased etching-induced surface roughness, which may give 
rise to a degradation in crystallinity during the subsequent single crystal growth. A suitable temperature of the substrate 

55 during etching is 800K or less, preferably 6O0K or less. Carrying out the etching processing underthe above conditions 
improves the crystallinity of the diamond single crystal substrate obtained thereafter by vapor-phase growth. 
[0044] The side faces of the seed substrate according to the present invention are etched away likewise by RIE, in 
order to remove from them preferably at least 50 nm, more preferably at least 0.15 nm; in particular, when the side 
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faces have also been mechanically polished, preferably 0.5 urn or more are removed from the side faces by etching. 
This allows reducing strain in areas grown laterally from the side faces, especially in cases of expanded growth in the 
horizontal direction during thick-film growth of single crystals. There are RIE methods for side faces wherein etching 
in the horizontal directing is performed simultaneously with the RIE of the seed substrate surface; however methods 
wherein only the side faces of a substrate standing up are etched are more effective as they allow controlling etching 
thickness individually. 

[0045] Herein although any known method for diamond vapor-phase synthesis, such as a microwave plasma CVD 
method, or a direct current plasma CVD method, may be used for single crystal vapor-phase growth, preferably a 
microwave plasma CVD method is used from the viewpoint of growth rate, growth area and impurity inclusions. 
[0046] In the diamond single crystal substrate according to the present invention obtained by the methods above, 
the fewer the work-affected layers on the seed crystal surface the better. In orderto obtain a high-quality single crystal 
substrate by vapor phase synthesis using a diamond single seed crystal substrate according to the present invention, 
or to obtain a single crystal substrate at least 1 00 jim thick, the area density of work-affected layers in the etched seed 
substrate should be at most 1 occurrence per cm* (0.01 occurrence/mm2 ) , and the ratio of the surface occupied by 
15 the work-affected layers relative to the substrate should be 0.001% or less. The density and surface area of these 
work-affected layers can be evaluated by transmission electron microscopy inspection, as mentioned above, or by 
means of microscopic Raman spectroscopy, described below, growing ultra-thin (e.g. thickness of 1 urn or less) dia- 
mond single crystals, or by any other means apart from these two. 

[0047] After the growth of the diamond single crystal by vapor-phase synthesis according to the present invention, 
the surface of the resultant single crystal substrate can beevaluatedforstrain using a microscopic Raman spectrometer.' 
High-quality single crystals substrates can be achieved by keeping the Raman shift caused by strain in the surface of 
the diamond single crystal substrate according to the present invention within a deviation of 0.5 cm" 1 from a Raman 
shift of 1332 cm 1 corresponding to a strain-free diamond single crystal (standard shift). 

[0048] The CL measurement conditions in the present invention do not require a pre-measurement application of a 
25 conductive layer coating on the faces to be measured. Herein the voltages and currents of the electron beam are not 
limited to customary values that range respectively from 1 0 to 30 kV and from 0.1 to 1 00 nA. 
[0049] in the present invention, the wavelength of the excitation light source used in the PL measurement must be 
that of a 514.5 nm monochromatic light, for which an argon gas laser is ordinarily used. The output of the excitation 
light source may have an arbitrary intensity, but when collected by a microscope, etc., an excessive energy density 
30 might damage the specimens, for which reason measurements must be carried out within threshold levels. Unlike CL 
spectra, PL spectroscopy measures the light source wavelengths (Rayleigh scattered light) and the Raman scattered 
light caused by vibrations of the diamond lattice, though not for comparison with PL peak at 575 nm. 
[0050] The common CL /PL measurement conditions in the present invention may involve measurements with crys- 
tals at a temperature of 40K or less, but also any other temperature provided the CL/PL peak intensity conditions 
35 according to the present invention are satisfied. In thepresent invention 30K was set as a standard temperature. Herein 
a 575 nm peak full-width at half-maximum of 2.5 nm or less is desired, therefore a spectrum-measuring device having 
a wavelength resolution of 1 .0 nm or less is preferable. 

[0051] Examples of the present invention are described in detail below, with reference made to relevant accompa- 
nying drawings. 

[0052] The diamond seed substrates used in Examples 1 and 2 of the present invention and Comparative Examples 
1 to 3 will be explained first. The diamond seed substrate used in these examples were prepared in the same manner. 
[0053] A diamond single crystal obtained by the high-temperature high-pressure method was used as a diamond 
seed substrate 3. The substrate was a plate 4 mm long and wide and 0.5 mm thick with orientation {1 00} in the main 
face 1 and the side faces 2. The main face 1 had been mechanically polished and in the side faces 2 the carbon layers 
had been removed by bichromic acid treatment after laser cutting/shaping. The surface roughness (Rmax) was 0.1 
nm. The Raman shift distribution of the main face was measured using a microscopic Raman spectrometer allowing 
the measurement of two-dimensional surface distributions; the measurement results centered around a Raman shift 
of 1332 cm- 1 corresponding to a strain-free diamond single crystal (hereinafter "standard shift" ) with a 0. 1cm-" 1 shift 
deviation from that value (hereinafter "strain shift", deviation from the standard shift). Furthermore, a seed substrate 
prepared separately, inspected under transmission electron microscopy, showed the presence of work-affected layers 
4 on the main face of the seed substrate, as shown in FIG. 1 . 

Example 1 

55 [0054] The main face and side faces of the above seed substrate were etched by RIE using CCP of conventional 
high-frequency interelectrode discharge type. The etching conditions are listed in Table 1 . 
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Table 1 



High-frequency wave frequency 


13.56 MHz 


High-frequency wave power 


300 W 


Chamber inner pressure 


6.67 Pa 


0 2 gas flow rate 


1 0 seem 


CF 4 gas flow rate 


1 0 seem 



[0055] By etching the main face during 5 hours and, with the substrate standing up, all the side faces during 30 
minutes each, under the conditions shown in Table 1, 15 p.m of the main face 1 and 1 .5 urn of each of the side faces 
2 of the seed substrate 3 were removed (FIG. 2). In FIG. 2, 5 is the etched away layer. The roughness after etching, 
0.1 p.m, showed no change relative to the roughness prior to etching. Also, a seed substrate prepared separately was 
15 etched under etching conditions identical to those listed in Table 1, then its surface after etching was assessed by 
transmission electron microscopy, showing no work-affected layers. 

[0056] Next, a diamond single crystal was grown by vapor phase on the seed substrate 6 after etching using a 
conventional microwave plasma CVD method. The growth conditions are given in Table 2. 

20 Table 2 



Microwave frequency 


2.45 GHz 


Microwave power 


5 kW 


Chamber inner pressure 


1.33x10 4 Pa 


H 2 gas flow rate 


1 00 seem 


CH 4 gas flow rate 


5 seem 


Substrate temperature 


900 °C 


Growth time 


20 hours 



[0057] The diamond single crystal was grown by the vapor phase synthesis method by 200 urn on the seed substrate 
6 under the growth conditions listed in Table 2 (FIG.3). The Raman shifts of the diamond single crystal layer 7 after 
growth was measured by a microscopic Raman spectrometer and showed strain shifts within 0.1 cm" 1 for all the grown 
35 faces . In order to assess semiconductor properties, the substrate was subjected to hydrogen plasma treatment and 
the thus hydrogenated surface conductive layer was evaluated for the hole mobility at normal temperature by Hall 
measurement; herein high mobility values of 1000 cm 2 /V-sec were obtained. The results of this evaluation are given 
in Table 3. 

[0058] Table 3 summarizesthe values foretching thickness, surface roughness after etching, density of work-affected 
40 layers, maximum Raman strain shift after single crystal growth, and hole mobility by Hall measurement. 

Comparative Example 1 

[0059] In the present comparative example testing was performed under the same conditions of Example 1 except 
45 that herein no etching of the seed substrate 3 was carried out. In this case, where the diamond single crystal was 
grown under the conditions of Table 2 without etching, crystal strain was measured in the single crystal areas grown 
from work-affected, layers (FIG, 4). In FIG. 4, reference numeral 8 represents the strain regions grown from the work- 
affected layers. The values obtained for maximum strain shift (2.5 cm" 1 ) by Raman spectroscopy and hole mobility 
(100 cm 2 /V-sec) were both inadequate for use as a semiconductor substrate. 

50 

Comparative Example 2 

[0060] In the present comparative example testing was performed under the same conditions of Example 1 except 
that herein the etching thickness of the seed substrate main face 1 was 0.4 p.m and the etching thickness of the side 
55 faces 2 was 0.04 ^m. Most of the work-affected layers were removed after etching but parts of deep work-affected 
layers remained unchanged, without being etched. A diamond single crystal was grown on this substrate under the 
same conditions listed in Table 2, and as in Comparative Example 1 , crystal strain was measured also in the single 
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crystal areas grown from work-affected layers. The values obtained for maximum strain shift (1.1 cm' 1 ) by Raman 
spectroscopy and hole mobility (220 cm 2 /V. sec), though improving on those of Comparative Example 1 , were inad- 
equate for use as a semiconductor substrate. 

[0061] The evaluation results for Comparative Examples 1 and 2 are given in Table 3. 
Example 2 



[0062] The present example, wherein the etching thickness of the seed substrate main face 1 was 0.6 pm and the 
etching thickness of the side faces 2 was 0.06 u.m, involved a relatively thinner etching thickness. 

10 [0063] Several seed substrates were used, among which in one case was measured one work-affected layer after 
etching over a square substrate 4 mm wide, and in one case no such layer was measured (i.e. 0 to 1 occurrences / 
1 6 mm 2 ) . Diamond single crystals were grown on these substrates under the conditions listed in Table 2, apparently 
with no crystal strain, although the measurement of the crystal surfaces by Raman spectroscopy, yielding a maximum 
strain shift of 0.3 cm" 1 , did show aslight strain. The hole mobility of 91 0 cm 2 A/-sec was that of a relatively high-mobility 

15 performance. 



Comparative Example 3 



[0064] In the present comparative example testing was performed under the same conditions of Example 1 except 
20 that herein the etching thickness of the main face 1 was 450 urn and the etching thickness of the side faces 2 was 45 urn. 
[0065] The surface after etching was somewhat rough, with a Rmax value of 10.1 pm. Though no work-affected 
layers were observed, some growth unevenness caused by initial surface roughness was detected in the subsequently 
grown diamond single crystals. As a result, the values obtained for maximum strain shift (0.6 cm- 1 ) by Raman spec- 
troscopy and hole mobility (41 0 cm 2 /V-sec ) were inadequate for use as a high-performance semiconductor substrate. 

25 

Table 3 





Etching thickness (urn) 


After etching 


After single crystal growth 


main face 


side face 


Surface 
roughness 
Rmax (jim) 


Work-affected 
layer density 
layer density 

(occurrences/ 
16 mm 2 ) 16 
mm 2 


Raman 
maximum 
strain shift 
(cm- 1 ) (cm- 1 ) 


Hole mobility 
mobility (cm 2 /V- 
sec) sec) 


Example 1 


15 


1.5 


0.1 


0 


0.1 


1000 


Comp. 1 
Example 1 


0 


0 


0.1 


20 or more 


2.5 


100 


Comp. 
Example 2 


0.4 


0.04 


0.1 


3 


1.1 


220 


Example 2 


0.6 


0.06 


0.1 


0-1 


0.3 


910 


Comp. 
Example 3 


450 


45 


10.1 


0 


0.6 


410 



Examples 3 to 5, Comparative Examples 4 to 5 



50 



55 



[0066] Below are explained examples in which vapor-phase synthesized diamond single crystal substrates were 
obtained through homoepitaxial growth by vapor phase synthesis from diamond single crystal seed substrates obtained 
by the high-temperature high-pressure method. 

[0067] The seed substrate was a plate 8 mm long and wide (diameter 11 .2 mm) and 0.5 mm thick with main face 1 
and side faces 2 mechanically polished. The orientation was {100} for both the main face 1 and the side faces 2. First, 
the surface layer of the main face 1 of the seed substrate 3 was etched away by reactive ion etching (RIE) of a con- 
ventional high-frequency interelectrode discharge type (CCP). The etching conditions are listed in Table 4. 

Table 4 



High-frequency wave frequency 



13.56 MHz 
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Table 4 (continued) 



High -frequency wave power 


300 W 


Chamber inner pressure 


6.67 Pa 


0 2 gas flow rate 


1 0 seem 


CF 4 gas flow rate 


1 0 seem 


Substrate temperature 


550K 



10 

[0068] 0.6 u.m of the seed substrate main face were removed after etching for 1 hour under the conditions listed in 
Table 4. 

[0069] Next, a diamond single crystal was homoepitaxially grown on the substrate 6 using a conventional microwave 
plasma CVD method. The growth conditions are given in Table 5. 

15 

Table 5 



Microwave frequency 


2.45 GHz 


Microwave power 


5kW 


Chamber inner pressure 


1.33 x 10 4 Pa 


H 2 gas flow rate 


1 00 seem 


CH 4 gas flow rate 


1 5 seem 


H 2 and CH 4 gas purity 


not less than 99.9999% 


Nitrogen concentration in the vapor phase 


3 ppm 


Substrate temperature 


1300K 


Growth time 


30 hours 



30 

[0070] The film deposition yielded a diamond single crystal substrate with a vapor-phase synthesized single crystal 
layer 0.5 mm thick. 

[0071] The vapor-phase synthesized single crystal layer of the diamond single crystal substrate was cut off by laser 
cutting, then the growth faces and the cut faces were polished and CL and PL measurements were carried out under 
35 the conditions listed in Table 6 and Table 7, respectively. 



Table 6 



Measurement temperature 


30K 


Electron acceleration voltage 


15 kV 


Electron current 


17 nA 


Wavelength resolution 


0.8 nm or less 



Table 7 



Measurement temperature 


30K 


Wavelength of excitation light source 


514.5 nm 


Output of the excitation light source 


10 mW 


Wavelength resolution 


0.9 nm or less 



[0072] FIG. 5 shows the CL spectrum measured under the conditions of Table 6. As can be seen in FIG. 5, a sharp 
peak at a wavelength of 575 nm was measured among other peaks. The value (PA/PB) resulting from dividing the 
emission peak intensity (PA) at 575 nm by the highest intensity (PB) among other peaks and the background (in this 
measurement at 588 nm) was 4.86, while the full-width at half-maximum (PW) of PA was 1 .03. The PL spectrum was 
obtained under the conditions of Table 7 in the same way as the CL spectrum; herein PA/PB was 3.95, and PW= 1.21 . 
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[0073] The crystallinity of the diamond single crystal substrate obtained in the present example was evaluated next. 
First, as an assessment of semiconductor properties, each substrate as a test specimen was subjected to hydrogen 
plasma treatment and the thus hydrogenated surface conductive layer was evaluated for the hole mobility at normal 
temperature by Hall measurement; the high mobility value of 1050 cm 2 /V-sec obtained herein was adequate for sem- 
iconductor substrates. Next the amount of nitrogen impurities in the crystals was quantitatively determined by secondary 
ion mass spectrometry, yielding a sufficiently low value of 3.1 ppm relative to carbon atoms. Finally optical properties 
were evaluated on the basis of the transmission spectrum in a wavelength region extending from 200 nm to 800 nm 
(FIG. 6). As shown in FIG. 6, though some absorption caused by nitrogen impurities can be observed at a wavelength 
of 270 nm, there is transmission down to the 225 nm wavelength corresponding to the intrinsic absorption end of 
diamond; the crystal has therefore adequate optical properties. These results indicate that the diamond single crystal 
substrate of the present example is both a large-size and a high quality substrate. 

[0074] Examples and comparative examples with modified single crystal growth conditions and changes in CL and 
PL are described next. High-purity single crystals were grown changing the H 2 and CH 4 gas purities shown in Table 4 
in the preceding examples, and also the vacuum sealing method was modified in the growth process of Comparative 
Example 4. Except for the concentration of nitrogen in the vapor phase, the growth conditions and evaluation criteria 
were herein identical to those of the preceding examples. The growth conditions and the crystallinity evaluation results 
are given in Table 8. 



Table 8 





Nitrogen 
concentration 
in the vapor 
phase (ppm) 


CL 


PL 


Hole 
mobility 
(cm2/V- 

sec) 


Nitrogen 
impurities 
(ppm) 


UV optical 
properties 


Pa'Pb ■ 


P w ( nm ) 


P A/ P B 


P w ( nm ) 


Example 3 


3 


4.86 


1.03 


3.95 


1.21 


1050 


3.1 


Good (FIG. 
6) 


Example 4 


1 


2.05 


0.95 


2.01 


1.16 


1100 


0.9 


Good 


Example 5 


10 


9.98 


2.26 


9.64 


2.48 


900 


9.4 


Good 


Comp. 
Example 4 


0.1 or less 


1.88 


0.94 


1.81 


1,12 


1300 


0.1 


Good 


Comp. 
Example 5 


100 


10.9 


2.51 


10.3 


2.67 


300 


32 


Poor (FIG. 
7) 



[0075] In the Examples 3, 4 and 5 in Table 8, giowlh was carried uut changing only the purity of the infused gases 
thus modifying the concentration of nitrogen in the vapor phase. For both CL and PL, PA/PB ranged from 2 to 10 and 
PWwas 2.5 nm or less. The hole mobility of 900 cm 2 /V-secormore was a sufficient high mobility value for a semicon- 
ductor substrate. The nitrogen impurities were small, with transmittance up to the ultraviolet region, thus affording 
satisfactory optical properties. 

[0076] Next, in Comparative Example 4, a single crystal was grown lowering to the limit the concentration of nitrogen 
in the vapor phase. A metal seal gasket was used in the vacuum seal member of the vacuum vessel and an ultrapure 
gas (purity 99.99999% or more) was used to achieve a nitrogen concentration of 0.1 ppm or less in the vapor phase. 
The single crystal obtained as a result showed a PA/PB for CL and PL of 1 . 9 or less and also good semiconductor 
and optical properties, though not markedly different from the characteristics observed in the invention Examples. This 
meant that the gas purity control applied in the present Comparative Example was unnecessarily strict. 
[0077] In Comparative Example 5 the nitrogen concentration in the vapor phase was increased. The single crystal 
obtained showed a PA/PB for CL and PL of more than 10, and a PW spreading to 2.5 nm or more. As shown in FIG. 
7, hole mobility dropped to 1/3 or less of the values in the Examples and nitrogen impurities increased, resulting in a 
deterioration of optical properties. 

[0078] As demonstrated above, it was confirmed that the diamond single crystal seed substrates and the diamond 
single crystal substrates manufactured by the method of the present invention as represented by the above examples 
were desirably used as single crystal seed substrates and single crystal seed substrates for high-quality semiconductor 

materials. 

[0079] The diamond single crystal substrates manufactured by the manufacturing method for diamond single crystal 
substrates according to the present invention are strain-free and have a high quality, with no unintentional impurity 
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inclusions, which makes them suitable for use as large-size diamond single crystal substrates for semiconductor ma- 
terials, electronic components, optical components, etc. 



s Claims 



1 . A diamond single crystal substrate manufacturing method by growing a single crystal from a diamond single crystal 
seed substrate by vapor-phase synthesis, said method comprising etching away by reactive ion etching, prior to 
single crystal growth, at least 0.5 urn and less than 400 u.m, in etching thickness, off a surface of the seed substrate 
which has been mechanically polished, and growing then a single crystal thereon. 



2. The method according to claim 1, comprising etching away, priorto single crystal growth, at least 50 nm, in etching 
thickness, off side faces of said seed substrate, and growing then a single crystal thereon. 



3. The method according to any one of claim 1 or 2. wherein the etching gas in said reactive ion etching is a mixture 
gas of oxygen and carbon fluoride. 



20 



25 



4. The method according to any one of claims 1 to 3, wherein an etching pressure in said reactive ion etching is at 
least 1.33 Pa and no more than 13.3 Pa. 

5. The method according to any one of claims 1 to 4, wherein the substrate temperature during etching in said reactive 
ion etching is 800K or less. 

6. A diamond single crystal substrate grown from a diamond single crystal seed substrate by vapor-phase synthesis, 
wherein the diamond single crystal substrate is obtained by etching away by reactive ion etching, prior to single 
crystal growth, at least 0.5 urn and less than 400 u.m, in etching thickness, off a mechanically polished surface of 
the seed substrate, and by growing then a single crystal thereon. 

7. The diamond single crystal substrate according to claim 6, wherein the diamond single crystal substrate is obtained 
30 by etching away, prior to single crystal growth, at least 50 nm, in etching thickens, off side faces of said seed 

substrate, and growing then a single crystal thereon. 

8. The diamond single crystal substrate according to claim 6 or 7, wherein the diamond intrinsic Raman shift by 
Raman spectroscopy of a substrate surface after single crystal growth falls within a deviation of 0.5 cm -1 from 

35 1332 cm 1 , which is the standard Raman shift of a strain-free diamond. 



9. The diamond single crystal substrate according to any one of claims 6 to 8, wherein the hole mobility of a hydro- 
genated surface conductive layer of the diamond single crystal substrate at normal temperature as obtained by 
Hall measurement is 900 cm 2 /V-sec or more. 

40 

10. The diamond single crystal substrate according to any one of claims 6 to 9, wherein in a catodoluminescence 
spectrum measured across all the faces of the diamond single crystal substrate at a measurement temperature 
of 40K or less, the emission peak intensity at 575 nm is at least 2 times and no more than 1 0 times as high as the 
highest peak intensity among peak intensities at any arbitrary wavelength within a range of from 200 nm to 900 

45 nm (excluding said emission peak intensity at 575 nm) and a background intensity, and the peak full-width at half- 

maximum at 575 nm is 2.5 nm or less. 



11. The diamond single crystal substrate according to any one of claims 6 to 9, wherein in a photoluminescence 
spectrum measured across all the faces of the diamond single crystal substrate at a measurement temperature 

50 of 40K or less using an excitation light source having a wavelength of 514.5 nm, the emission peak intensity at 

575 nm is at least 2 times and no more than 10 times as high as the highest peak intensity among peak intensities 
at any arbitrary wavelength within a range of from 500 nm to 900 nm (excluding said emission peak intensity at 
575 nm, a peak intensity at the excitation wavelength and Raman peak intensities caused by diamond lattice 
vibration) and a background intensity, and the peak full-width at half-maximum at 575 nm is 2.5 nm or less. 

55 

12. The diamond single crystal substrate according to any one of claims 6 to 1 1 , wherein the nitrogen concentration 
in the single crystal is 1 0 ppm or less. 
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13. The diamond single crystal substrate according to any one of claims 6 to 1 2, wherein the diameter of the diamond 
single crystal substrate is 10 mm or more. 

14. A diamond single crystal seed substrate for growing thereon a diamond single crystal by vapor-phase synthesis, 
5 wherein at least 0.5 urn and less than 400 u.m, in etching thickness, are etched away by reactive ion etching off a 

mechanically polished surface of the seed substrate. 

15. The diamond single crystal seed substrate according to claim 14, wherein at least 50 nm, in etching thickness, are 
etched away by reactive ion etching off side surfaces of the seed substrate. 

10 
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FIG. 5 
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FIG. 7 
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